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Genetic differentiation of Campylobacterjejuni 
Trudy M. Wassenaar(‘) 
Genotyping methods have been developed and applied to differentiate Cumpylobacter jejuni isolates over the last 
two decades. Although a wealth of information was generated, the data are disappointingly complex and do not 
support simple models of transmission. Several observations have apparently weakened the value and complicated 
the interpretation of genotyping methods. For several methods, instability of genotype has been demonstrated, due 
to recombinations with or without transformation. C. jejuni is partly non-clonal, as demonstrated by multilocus 
sequence typing, which is explained by a natural ability to take up DNA. Plasticity of the genome, allowing for 
recombinations involving large DNA segments, and recombinations within loci frequently used for typing, further 
complicates the interpretation of typing data. The lack of clear-cut epidemiologic trends is probably not due to a lack 
of data or paucity of the used techniques, but is caused by the complex population genetics of the species. 
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INTRODUCTION 
Since the development of the first techniques for making 
a genetic fingerprint of bacterial isolates, over 20 years 
of putting genotyping procedures into practice have 
passed. Whereas these tools have helped in the 
identification of virulent strains or subspecies, emerging 
pathotypes or routes of transmission for many bacterial 
pathogens, the application of genotyping methods has, 
disappointingly, been of little use in helping us to under- 
stand the molecular epidemiology of Campylobacter 
jejuni. This Gram-negative microaerophilic bacterium is 
a major cause of bacterial enteritis worldwide, and is a 
colonizer of many warm-blooded animals, including 
birds. All phenotypic and genotypic data suggest that a 
high degree of diversity exists between isolates within 
the species.i As will be discussed, the C. jejuni population 
is not completely clonal, as interstrain recombinations 
seem to occur, and nor is it completely non-clonal, 
as clones do occur that remain stable over time and 
location, In addition to gene transfer, genetic instability 
due to intrastrain recombinations occurs and is detected 
with current genotyping methods, although the frequency 
of such events is probably low, and they are probably 
strain-dependent. Now that the tools to differentiate 
isolates that are genetically diverse are available to 
the community, it is frustrating to see how little the 
generated data have helped our general understanding 
of the epidemiology of this foodborne pathogen. This 
review discusses the causes and consequences of non- 
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clonality and genetic instability, and what the drawbacks 
and pitfalls are concerning the molecular epidemiology 
of C. jejuni. 
GENOTYPING OF CLONAL AND NON-CLONAL 
BACTERIAL POPULATIONS 
Ideally, all offspring of a bacterial cell (a clone) should 
give rise to one genotype only. When genotyping 
methods have different degrees of discrimination, iso- 
lates belonging to one genotype, as determined with 
a low-discriminatory method, can be further differen- 
tiated with a second, higher-discriminatory method. 
Taking such differences in discriminatory level into 
account, all genotyping data should correlate within a 
clonal bacterial population. Bacterial species with a low 
level of genetic diversity and a strong clonal structure 
give rise to a limited number of genotypes. If such 
genotypes also differ in pathogenicity (pathotypes) or 
host specificity, molecular epidemiology can be a valu- 
able tool for the analysis of epidemiologic trends, 
and for the identification of present and future threats. 
Under such conditions, strain differentiation and identi- 
fication (the term ‘strain’ is used here synonymously 
with ‘clone’) can be based on a single genotyping 
method, provided that the method has a sufficient level 
of discrimination. 
Point mutations due to genetic drift can occasionally 
give rise to a new genotype (e.g. when a restriction 
enzyme recognition site is involved), and all offspring of 
this mutant will belong to this new clone. Phylogenetic 
analysis based on multiple input data would identify 
the branch point that produces such a new genotype; 
however, the presence of one point mutation is not 
generally taken as being sufficient to define a new clone. 
Genotypic data generated by different methods would 
not necessarily produce identical phylogenetic trees, 
but, in combination, the data would generate the most 
reliable tree for the population studied. 
Genetic differentiation of Campylobacter jejuni I Wassenaar 3 S23 
For certain species, the interpretation of combined 
typing data generated by different methods is extremely 
complex. Grouping of isolates according to one method 
is then more or less destroyed by the next method, and 
a correlation between different typing data is hard to 
find. This is indicative of a non-clonal, or partly clonal, 
population. 
In a non-clonal population, the offspring are not 
necessarily identical to the parental cell. Sexual repro- 
duction, in which (part of) the chromosomal DNA 
of two ancestors is combined, results in a non-clonal 
population. Even if only a small part of the chromosome 
of a daughter cell of strain A stems from ancestor B, the 
resulting offspring are no longer identical to ancestor A. 
In this way, an allele (a given type of gene or DNA locus 
as determined by a genotypic method) can end up in the 
‘wrong’ genetic context. This is called a homoplasia, and 
a genotyping method that detects multiple genetic loci 
can be used to determine the frequency of homoplasies, 
from which the degree of clonality of the studied popu- 
lation can be calculated. 
Multilocus sequence typing (MLST) is a typing 
technique that is suitable for determining the degree of 
clonality of a bacterial population. For MLST, PCR 
products are generated and sequenced from (parts of) 
household genes that are strongly conserved and under 
no known selective pressure (and nor should they be 
near genes under such pressure). These strongly con- 
served genes will have a limited number of alleles 
(which is, in this case, the sequence combination that 
makes up the PCR product of that particular gene), and 
these alleles are found in given combinations in the 
population. An allele in the ‘wrong’ combination would 
be indicative of horizontal gene transfer. It should be 
noted that the data generated with a population under 
study represent a summation of all gene transfer and 
mutational events in the past. Gene transfer may be 
infrequent in a studied population, but the typing data 
generated will identify all accumulated events that have 
survived in the population. Since the genes selected for 
MLST are highly conserved and under no selective 
pressure, the results of this typing provide a molecular 
clock for slowly evolving markers. MLST is less suitable 
for short-term molecular epidemiology, where the major 
genes of interest are under high selective pressure 
(antigens, virulence factors, antibiotic resistance genes), 
The application of MLST to C. jejuni has clearly 
identified the partly non-clonal nature of the bacterial 
population; 2,3 however, it will be of limited use in 
revealing the modes of transmission or in identifying the 
reservoirs of this zoonosis. MLST data can identify the 
degree of clonality of a population; however, they 
cannot address the question of how frequently gene 
transfer occurs. 
Homoplasies resulting from sexual reproduction 
(intraspecies gene transfer) partly explain the non- 
clonality of C. jejuni, which is naturally able to take up 
and integrate DNA.4 In addition, a second mechanism 
is accounting for non-clonality, namely genetic in- 
stability due to recombinations within the genome. The 
combination of gene transfer and intramolecular recom- 
binations poses a serious difficulty for the interpretation 
of genotyping data for C. jejuni. 
RECOMBINATIONS IN THE GENOME 
OF C. JEJUNI 
Several observations have suggested that recombina- 
tions in the genome of C. jejuni occur at a frequency 
that is higher than expected in comparison to other 
organisms. The genome sequencing of C. jejuni 11168 
has shown that genes involved in a single pathway are 
not usually clustered in operons, but are dispersed all 
over the genome.” In addition, the gene order is not 
conserved between strains within the species.6 Pre- 
sumably, conservation of gene order is not important for 
this species. By pulsed-field gel electrophoresis (PFGE), 
evidence was obtained that the genomes of certain 
strains can be rearranged, so that the offspring of a strain 
are heterogeneous for gene order.7m9 The observation 
that the PFGE patterns of C. jejuni isolates originating 
from a single batch of poultry were variable but that 
the isolates could not be differentiated by any other 
method7 was explained by recombinations that change 
the order of chromosome segments, without changing 
the overall genetic composition. Since this can be 
detected by PFGE, the fragments involved in such 
recombinations must be large. The frequency of such 
‘genomic’ recombinations is not known, and is probably 
strain-dependent. The occurrence of genomic recombina- 
tions complicates strain identification based on PFGE 
only: without prior knowledge that the population is 
likely to be of direct lineage, and without independent 
additional typing data to suggest identity within the 
population, the changes in PFGE patterns caused by 
genomic recombinations are so severe that the isolates 
would be falsely identified as different strains. To 
prevent misinterpretation, typing data should ideally 
be confirmed with a second, independent method.‘j It 
should be noted that the conditions leading to the 
formation and selection of recombination variants are 
presently unknown. In vitro culturing of bacteria usually 
results in stable PFGE genotypes, even for isolates 
originating from single colonies that once belonged to a 
heterogeneous population due to genomic rearrange- 
ments. During human (prolonged) infection, most PFGE 
patterns remain constant. lo It is assumed that recombina- 
tions do not occur at a frequency high enough to be 
detected, or that resulting recombinants are not selected 
during in vitro culturing. 
RECOMBINATION!3 IN GENE LOCI OF 
C. JEJUNI 
Another typing technique which is commonly used is 
based on PCR-restriction fragment length polymorphism 
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(RFLP), in which a PCR product is generated from a 
particular, highly variable region of the get-tome, and 
digested with restriction enzymes to identify polymor- 
phisms. The flagellin genes of C. jejuni are targets for 
PCR-RFLP (fla-typing). Flagellin, the structural protein 
of flagella, is a virulence factor, and its gene is highly 
variable between strains, making it suitable as a strain- 
specific marker. With the help of mutants carrying a 
kanamycin cassette in one of their two flagellin genes, it 
was shown that internal fragments of JEaA and jlaB can 
be exchanged. 11,12 Sequence analysis of these recom- 
binants suggested that intramolecular recombinations 
led to the exchange, without the transfer of DNA from 
one cell to another.i2 It must be assumed that wild-type 
strains can also exchange internal flaA and JEaB gene 
segments. If so, and if this exchange includes restriction 
sites that are used for RFLP, the result will be a ‘new’ 
genotype. However, apart from an exchange of internal 
flagellin A and B fragments, the offspring resulting from 
such a recombination have the same genetic content as 
the parental strain. Thus, two different fla-types may 
represent variants of direct lineage. 
The presence of genetic exchange can also hamper 
strain identification by fla-typing. When DNA transfer 
by natural transformation involves (part of) the flagellin 
locus, the ‘wrong’ flagellin gene can end up in a new 
genetic background. Since flagellin, being antigenic, is 
under selective pressure, it is quite likely that flagellin 
genes are frequently exchanged between strains. Indeed, 
homoplasia of flagellin genes in clinical isolates has been 
described.13 Thus, two identical fla-types may represent 
different strains, because flagellin genes can be shared 
between strains. 
As with PFGE, fla-typing needs to be combined 
with a second, independent method, to correctly identify 
isolates. However, the frequency of recombinations in 
the flagellin locus (with or without transformation) is 
as yet unknown. In short-term epidemiology, such as 
an outbreak situation (in humans or in a chicken flock), 
fla-typing has been shown to be reliable (Newell DG, 
personal communication). However, long-term studies 
and comparison of data obtained from samples varying 
in time and place should be interpreted with care if 
based on fla-typing alone. 
ALTERNATIVE GENOTYPING METHODS 
The two genotyping methods for which standardized 
procedures have now been developed, fla-typing and 
PFGE (CAMPYNET14), are both complicated by in- 
stability of the genotype. An alternative method, 
resulting in typing data that are unaffected by recom- 
binations, would have advantages. Fortunately, AFLP 
(amplified fragment length polymorphism) seems to 
be independent of recombinations. With AFLP, PCR 
fragments are generated from the genome that are 
flanked by restriction sites, with added specificity of 
one or more nucleotides directly flanking the restriction 
site. The result is a banding pattern of typically 50-100 
bands that are derived from all over the genome. AFLP 
protocols for C. jejuni are available.15J6 Genomic 
recombinants with different PFGE patterns showed 
identical AFLP patterns;16 presumably, the bands 
produced by AFLP are short enough not to be affected 
by genomic recombinations. In addition, recombinations 
within a single locus (such as the fla locus) would 
not severely affect AFLP banding patterns (if at all), 
since a change of one band in a pattern of 100 bands 
remains within the limits of ‘pattern identity’. This is an 
advantage of AFLP over other genotyping methods, and 
illustrates that higher discrimination power is not always 
better. Unfortunately, the generated banding patterns 
seem to be dependent on the electrophoretic equipment 
used, and high-throughput capillary gel systems cannot 
be compared with slab gels (Duim B, personal com- 
munication). Moreover, AFLP is more elaborate than 
PCR-RFLP, and will not be readily available to routine 
laboratories. 
An alternative method for genotyping of C. jejuni 
could be ‘extended MLST’. Although MLST is more 
suitable for generating long-term phylogenetic trees 
than for detailed short-term epidemiology, studies are 
underway to include PCR products of highly variable 
gene loci in the MLST panel. Thus, a flagellin PCR 
product and other genes under selective pressure could 
be added to the existing MLST markers. This would 
create a multilocus typing method that is probably 
independent of large-scale genomic recombinations (the 
PCR products generated are small), and that would 
identify homoplasies due to transformation and (com- 
plete) replacement of one of the loci, or recombinations 
within one of those loci. This may provide a good 
alternative for differentiation of C. jejuni, although the 
practice of MLST (which requires not only high-fidelity 
PCR of multiple products, but also accurate sequencing 
of all products) is also not generally available, and will 
not be suitable for routine use. 
CONCLUSIONS 
Our limited knowledge of the molecular epidemiology 
of the organism is not due to lack of data, but to the 
complexity of the problem. When interpreting existing 
and future data, the following points should be taken 
into consideration. The C. jejuni population is highly 
heterogeneous and complex, since the species is only 
partly clonal, because of recombinations with and with- 
out transformation. The frequency of such events is 
currently not known and is probably strain-dependent. 
Current popular methods for genotyping (fla-typing, 
PFGE) can be affected by genomic instability. AFLP 
and MLST are less influenced by genomic instability, but 
are not generally applicable. It is recommended that 
typing data should be confirmed with a second, inde- 
pendent method. In particular, typing data from strains 
separated by time and location should be compared with 
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caution. Strain collections (which are often biased) should 
not be compared to identify sources of infections and 
routes of transmission, unless care is taken to prevent 
the pitfalls of genetic instability. 
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PANEL DISCUSSION 
M. Ginevan: From a public health perspective, a 
statistical approach is best: where we have a notion of 
what the local microbiological, as opposed to what the 
global microbiological, environment is, and we express 
the degrees of statistical certainty that an infection was 
generated from various sources. I am extremely sceptical 
about blanket decisions; I think, in terms of being able 
to follow things over time and space, what you think 
is similar depends on what you are following, in other 
words, which part of the genome. 
T. Wassenaar: I think that adding a weighted probability 
would help, and this also explains why Campylobacter 
population genetics is so much more difficult. People 
who come from that field always start where we started, 
and wonder why the the problem was not solved, as it 
seems easy enough. Campylobacter is more complicated 
than either Salmonella or E. coli. This is what we have 
to realize. 
